The auxiliary diagnosis and debugging of filters play an increasingly important role in the design of microwave filters. In particular, aggressive space mapping (ASM) is one of the most commonly used debugging methods. This paper introduces ASM and designs a seventhorder microstrip interdigital filter with a center frequency of 24 GHz and a fractional bandwidth of 25% with ASM. The filter reached design indexes after four iterations, which greatly reduces the number of simulations in fine model, thereby saving time. It was fabricated on high resistance silicon substrate and the size of the chip is 6.8 mm × 2.4 mm × 0.4 mm. The measurement results show that the fabricated filter has a center frequency of 24 GHz, a fractional bandwidth of 24.17%, an insertion loss of 1.95 dB, a return loss of 12 dB, and an out-of-band rejection of 40 dB.
Introduction
Filter is widely used in many microwave and millimeter-wave systems. With the rapid development of wireless communication technology, quick and efficient design of a filter poses unprecedented challenges to engineers. Therefore, the auxiliary diagnosis and debugging of filters play more and more important role in the design of microwave filters. Space mapping is a commonly used microwave filter tuning method, it was first proposed in 1994 and called original space mapping (OSM) [1] , whose algorithm required a great quantity of samples to establish a linear mapping relationship between two spaces. To solve this problem, the author of literature [2] improved this algorithm and proposed ASM. In literature [3] , space mapping was used to study rectangular waveguide filter, which demonstrated the great advantages of designing this type of filter with space mapping. In literature [4] , the author studied microstrip filter with space mapping and achieved good results.
An important process in ASM is parameter extraction. For the design of coupled resonant microstrip filters, the traditional approach is to construct an equivalent circuit of the microstrip filter and import the response of the fine model into the circuit model. And then the response of the coarse model is approximated to the response of the fine model, thereby obtaining the coarse model parameters corresponding to the fine model. However, there are two main disadvantages of this method. Firstly, the coarse circuit model is not unique. This will result in different parameters extracted by different coarse circuit models. It sometimes leads to the algorithm not converging. Secondly, because it is an approximation response between two spaces, so generally curve fitting method is used, this method takes a long time, which reduces the advantage of the space mapping algorithm in efficiency [5, 6] . In the parameter extraction process, the Cauchy method is introduced in this paper. This method obtains an overdetermined equation by finite sampling of the fine model response. By solving the equation, two polynomials PðsÞ and FðsÞ representing the filter response can be obtained (where S 11 ðsÞ ¼ FðsÞ=ð" R EðsÞÞ, S 21 ðsÞ ¼ PðsÞ=ð"EðsÞÞ) [7] , and the coefficient EðsÞ is calculated through Feldtkeller equation [7] . Then, through the synthesize method of the crosscoupling filter, the coupling matrix corresponding to the S-parameters can be obtained very quickly [8, 9, 10] . In this way, not only the efficiency of parameter extraction is greatly improved, but also the non-uniqueness of the extracted parameters is avoided because the theoretical model of the rational parameters of the filter is used. Therefore the standard is consistent every time and the fast convergence of the algorithm is ensured.
Traditional cavities and LC filters are bulky, expensive to manufacture, and difficult to integrate with multi-chip interconnects [11, 12] . LTCC filters and multilayer dielectric plate filters have poor consistency and low rectangularity due to poor processing accuracy [13, 14] . In contrast, silicon-based technology as the product of the cross-fusion of microelectronics, chemistry, mechanics and optics, is small in size, flexible in structure and easily integrated [15] . In this paper, a seventh-order interdigital filter with a center frequency of 24 GHz and a relative bandwidth of 25% is designed with space mapping method. After four iterations, the filter achieves design specifications and is processed on a high-resistance silicon substrate. The volume and quality of the silicon-based filter is a few hundredth of traditional LC filters and waveguide filters. And it also has a high degree of inhibition and good consistency, and is easily integrated.
General formulation of ASM
Space mapping is a technique extensively used for the design and optimization of microwave components. It uses two simulation spaces [7] : 1) the optimization space, where the variables are linked to a coarse model, which is simple and computationally efficient, although not accurate and 2) the validation space, where the variables are linked to a fine model, typically more complex and CPU intensive, but significantly more precise. Let x c represent the parameter of coarse model, x f the parameter of fine model, x Ã c the optimal design parameter of coarse model, R c ðx c Þ coarse model response, and R f ðx f Þ fine model response. The mapping relationship between the fine model and the coarse model is x c ¼ Pðx f Þ. And the difference is minimized [7] min
ASM can solve the problem of nonlinear mapping. The space solution of fine model is obtained by solving the following nonlinear equation:
If P ðjÞ represents mapping results after the j th iteration, the corresponding design parameter of fine model is
The next vector of the iterative process is obtained by a quasi-Newton iteration according to
where h ðjÞ is given by
and B ðjÞ is an approach to the Jacobian matrix, which is updated according to the Broyden formula [7] .
3 Design procedure
The design property of this article is a seventh-order microstrip interdigital filter with a center frequency of 24 GHz, a fractional bandwidth of 25%, and an in-band return loss of 20 dB. The structure of this filter is shown in Fig. 1 .
The cross-section view of substrate is shown in Fig. 2 .
The equivalent circuit diagram of the filter is shown in Fig. 3 . Get normalized coupling matrix based on filter specifications: As initial value of optimization variables, the theoretical center frequency, external quality factor Qe and coupling coefficients of filter were calculated as below, c is a vector representing the ideal center frequency, coupling coefficient and external quality factor:
Accordingly, eight physical parameters need to be optimized:
x ¼ ½L 1 ; L 2 ; L 3 ; L 4 ; S 1;2 ; S 2;3 ; S 3;4 ; L t T CST software's eigenmode simulation function is used to extract the singlecavity resonant frequency of the filter, the coupling coefficient between the two cavities, and the external quality factor of the cavity resonator. Coupling coefficient is extracted by establishing a two-cavity coupling model in CST with eigenmode simulation and Number of Modes set as 2. When two identical interdigital resonators are placed side by side, their original natural resonance frequency f 0 is split into two new resonance frequencies f 1 and f 2 due to mutual coupling effect. Therefore, the new resonance frequencies can be used to determine the coupling coefficient K as [16] 
As shown in Fig. 4 , the simulated relationship between physical parameters (center frequency, coupling coefficient, and external quality factor) and optimization variables is established. Fig. 4 , the initial physical dimension was found x ¼ ½622; 622; 622; 622; 77; 170; 191; 958 T . The unit is µm. The filter was simulated by using threedimensional electromagnetic simulation software and the initial response of the filter was plotted in Fig. 5(a) . It can be seen that the initial response did not meet the filter specifications, so ASM was used to optimize the physical parameters of the filter.
Based on
The diagnosis process is based on diagnostic debugging that combines ASM and Cauchy method. Parameter of the coarse model is physical parameter corresponding to the coupling matrix extracted through Cauchy method, which can be realized through MATLAB programming. The fine model is the model in CST. The fine model simulation response was imported into the coarse model as a SNP file. The corresponding coupling matrix was extracted with Cauchy method, and the physical parameter x ðiÞ c of extracted coarse model was obtained according to Fig. 4 . And then ASM algorithm was used to predict the physical parameter x ðiþ1Þ f of the next fine model [17] . The process of applying this optimization algorithm to the bandpass filter is described in detail below. The unit of design parameter x is µm. 1. Obtain the optimal solution of the coarse model with the coupling matrix of the ideal filter x Ã c , let x ð1Þ f ¼ x Ã c and simulate in the fine model. The initial responses are shown in Fig. 5(a) , which do not meet the design criteria; 2. Initialize j ¼ 1, B ð1Þ ¼ I, use the Cauchy method to extract coupling matrix, get x ð1Þ c according to Fig. 4 and work out the current mapping error f ð1Þ ¼ x ð1Þ c À x Ã c ¼ ½À146 21 À3 À15 À15 À6 À25 À105 T ; 3. Work out the incremental step size of the design parameter of the fine model h ð1Þ ¼ ½146 À21 3 15 15 6 25 105 T through B ð1Þ h ð1Þ ¼ Àf ð1Þ ; 4. The new design parameter of fine model space
Perform a finemodel simulation and get the responses in Fig. 5(b) , which do not meet design criteria. Therefore, the algorithm continues; 5. Extract the execution parameter x ð2Þ c , re-evaluate the error f ð2Þ ¼ x ð2Þ c À x Ã c ¼ ½À31 0 6 1 À 45 À 1 À 2 À 81 T ; 6. Update mapping matrix B ð1Þ to B ð2Þ with Broyden formula; 7. j ¼ j þ 1, return to step 3 till the responses meet the design criteria. Repeat steps 3-7 and get x ð4Þ f . Its responses are shown in Fig. 5(h) , which meet the design criteria, so the algorithm stops. Fig. 5 shows the responses of the filter after each iteration. In comparison, CST software's optimization function is used to perform fullwave electromagnetic simulation. The design goal is set as S11 < À20 dB and the optimization variable range is set as AE10% based on initial design parameter. It takes 10 minutes to perform each fine model simulation, and a total of 50 minutes for optimization using the ASM algorithm. In contrast, the optimization time for full-wave electromagnetic simulation software CST is 15 hours. Computing times refer to a computer with an Intel(R) Core(TM) i7-4700MQ CPU at 2.40 GHz, with 8 GB of RAM. The results are shown in Fig. 6 , optimized parameter after doing full-wave electromagnetic (EM) simulation is x ¼ ½822:571; 626:065; 630:486; 623:145; 159:9; 194:01; 220:313; 1189:29 T .
The physical size of the filter after each iteration is shown in Table I .
Fabrication and measurement
We make the optimized layout size into a graphic on the silicon wafer. The silicon wafer is made of 400 µm thick high-resistance silicon (>10 K Ω-cm) with a dielectric constant of 11.9, with 4 µm thick Au as metal signal line and CPW input and output. The fabricated filter is shown in Fig. 7 . Its size is 6:8 mm Â 2:4 mm Â 0:4 mm. Measurements of the filter were performed on an HP8510C Vector Network Analyzer with an HPS5105A millimeter wave controller. On-wafer probing was achieved on a probe station using Model 120 Picoprobes with 400 µm pitch. Fig. 8 shows measurement results of the fabricated filter. According to the measurement results, the fabricated filter has a center frequency of 24 GHz, a fractional bandwidth of 24.17%, an insertion loss of 1.95 dB, a return loss of 12 dB, and an out-of-band rejection of 40 dB. Influence on parasitic quantity caused by the flatness error of cavity processing leads to resonance peaks outside the band, which can be improved by process control. The measurement results are basically consistent with the simulation results. Due to material characteristics and process errors, the loss of measured product is slightly larger and the bandwidth is slightly narrower, but these do not affect the correctness of the method in this paper.
Conclusion
This paper introduces aggressive space mapping method and studies the fast design of microwave filters using this algorithm. A K-band wideband bandpass filter is designed with space mapping method and successfully produced with silicon-based technology after four iterations. The silicon-based filter is characterized by small size, easy for integration, high performance, etc. Compared with direct optimization by means of full-wave electromagnetic simulation software, space mapping algorithm not only reduces the number of full-wave electromagnetic simulations and design time, but also offers efficient optimization and design flexibility. 
